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We consider the problem of locating maintenance facilities in a railway setting. Different facility sizes can be chosen for each candidate location and for each size there is an associated annual facility costs that can capture economies of scale in facility size. Because of the strategic nature of facility location, the opened facilities should be able to handle the current maintenance demand, but also the demand for any of the scenarios that can occur in the future. These scenarios capture changes such as changes to the line plan and the introduction of new rolling stock types. We allow recovery in the form of opening additional facilities, closing facilities, and increasing the facility size for each scenario. We provide a two-stage robust programming formulation. In the first-stage, we decide where to open what size of facility. In the second-stage, we solve a NP-hard maintenance location routing problem. We reformulate the problem as a mixed integer program that can be used to make an efficient column-and-constraint generation algorithm. To show that our algorithm works on practical sized instances, and to gain managerial insights, we perform a case study with instances from the Netherlands Railways. A counter intuitive insight is that economies of scale only play a limited role and that it is more important to reduce the transportation cost by building many small facilities, rather than a few large ones to profit from economies of scale. © 2018 Elsevier Ltd. All rights reserved.
Introduction

1
A line plan consists of a set of train lines, where each line is a path in the railway network that is operated with a certain 2 frequency by one rolling stock type. The line plan within a railway network changes annually to accommodate changing 3 travel demands. These changes include how lines run, up and down-scaling of service frequencies on any given line, the 4 rolling stock types assigned to the lines, and the introduction of new rolling stock types. We capture these changes with a 5 discrete set of scenarios. A maintenance facility is a facility that is responsible for the planned and unplanned maintenance 6 of train units. Because maintenance facilities are used for a long period, any maintenance facility plan should take a wide 7 range of scenarios into account. The size of the opened locations should satisfy the maintenance requirements of the current 8 situation, but recovery against a price is possible for each scenario. Recovery consists of opening additional facilities, closing 9 facilities, and upgrading the size of the existing facilities. Decreasing the size of existing facilities is not allowed. The reason 10 10, 2018;15:39 ] for this is that shrinking the size of an existing maintenance facility is difficult, may not yield any revenue, and can even be 11 costly.
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The stations at the two end points of a train line are called end stations . In the recoverable robust maintenance location routing problem for rolling stock (RRMLRP), we seek the optimal locations 22 and sizes of maintenance facilities for rolling stock in a railway network. The objective consists of minimizing the annual 23 cost of the facilities and the worst-case annual transportation and recovery costs, given a discrete set of scenarios. The 24 annual cost of a facility depends on its location and size. The size of a facility must be chosen from a discrete set for each 25 location. This discrete set allows us to model economies of scale: a facility which is twice as large costs less than twice as The recoveries, the inclusion of unplanned maintenance, and the multiple facility sizes that include economies of scale 29 are new compared to the literature. Unplanned maintenance is generally not considered in the maintenance (location) rout-30 ing literature. With our case study in Section 7 , we show that it is important to include unplanned maintenance, as it has 31 a large influence on the number and location of the maintenance facilities but also on the cost. Furthermore, we demon-32 strate with our case study that the number and location of the opened facilities depends heavily on the allowed facility 33 sizes and the associated cost. Although facility location problems that consider different sizes exist (see the references in 34 Melo et al. (2009) ), they are often not considered in the facility location literature. In addition, we could only find one paper 35 that mentions economies of scale in facility size ( Melo et al., 2006 ) . As a consequence, including multiple facility sizes that 36 include economies of scale can potentially play an important role in many other settings. We also investigate the trade-off 37 between large facilities with economies of scale versus many smaller facilities to reduce the transportation cost. Our case 38 study demonstrates that even with increased economies of scale, economies of scale only play a limited role, and that it is 39 more important to reduce transportation cost by building many small facilities. Economies of scale were thought to be more 40 important and as a consequence this result may change the maintenance location strategy of the Netherlands Railways (NS). 41 We 
165
In this paper, we do not model the maintenance routing at an individual train unit level for each day in a long planning 166 horizon. Rather, we solve an aggregated version of this operational problem that allows us to determine the expected an-167 nual cost of routing train units to maintenance facilities. On a daily operational planning basis, one may use more detailed 168 maintenance routing models. However, the main purpose here is to determine routing costs associated with a specific fa-169 cility location decision, not to include daily operational planning into a strategic model. Thus, our aggregated maintenance 170 routing model enables us to combine the maintenance routing with facility location decisions and recoveries in Section 4 . 
Problem description and model
172
The goal of the unplanned and planned maintenance routing problem is to determine the annual routing costs for train 173 units to enter given maintenance facilities with given capacities. A maintenance facility is a facility that is responsible for the 174 planned inspections and maintenance of rolling stock. The frequency of inspections and maintenance depends on the rolling 175 stock type and typically occurs once every half year up to every month. Given is a physical rail network G P = (N P , E P ) , 
195
• We create one source S that is connected with a directed arc to each node in N L .
196
• We create arcs between the line nodes from N PL where an interchange is possible, with as cost the interchange coordi-197 nation cost. The set of these interchange arcs is denoted by A I .
198
• We make a node for every candidate facility; this set is denoted as N C . Each node in N C is connected with an arc to the 199 sink T .
200
• For each node n ∈ N L , we create an arc to each facility. The cost of this arc is the deadheading cost of the line to the 201 facility. The cost of the arc can be 0 when deadheading is not necessary because the facility is located at an end station, 202 and the line associated with the node is connected to the facility. The set of all incoming facility arcs is denoted as A F .
203
A S − T path can now be seen as a route (interchanges and deadheading) for an annual maintenance frequency orig- 204 inating from a line to a maintenance facility. In Fig. 2 Proof. The number of nodes in the flow graph is equal to
The maintenance frequency for line l is defined by the parameter m l , and n l is the node associated with line l . The set of 
236
The unplanned and planned maintenance routing model can now be formulated as the following flow model:
Constraints (1) restricted by Constraints (3) . We can now formulate the following improved unplanned and planned maintenance routing 267 model:
To summarize, the IUMRP simplifies a multi-commodity flow model to a single-commodity flow model and reduces the 274 number of variables by a factor L . As a result, the solution time and required memory are greatly reduced. which the variable or parameter belongs to. An overview of the notation that will be used for the two-stage problem can 282 be found in Table 1 .
283
Recall that the size of a facility is the maximum workload that it can process annually. The workload generated by a 284 planned maintenance visit is set at 1 and that of an unplanned maintenance visit as u . The total annual workload of the 285 entire line plan for the current situation is denoted by M . The sizes for a facility at location n ∈ N C are denoted by the set Q n .
286
A tuple i ∈ Q n , consists of a size q ni that represents the annual workload that a facility can handle and the annual facility cost Graph and set notation: We formulate the following two stage model:
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The first-stage objective minimizes the cost of the opened maintenance facilities and the worst-case cost of the mainte- To solve the two-stage formulation of Section 4 , we reformulate the problem to a deterministic equivalent that can be and continue with our improved more complex version of the SA method. found. Assume that the facility sizes i ∈ Q n for each facility n ∈ N C are sorted in ascending order of facility size. We use the if it exists.
Step 5. = 0 , open facility n with the lowest size such that
facility n cannot satisfy the needed workload, open facility n with its highest size.
Step 5. 
Computational experiments
433
In this section, we report computational experiments on randomly generated instances to test the computational per-434 formance of the algorithms we developed. We compare the size of instances that can be solved by the MIP, SA, and ISA.
435
Although we generate instances randomly, the fixed and random parameters are based on those found in practice to create times a number that is uniformly distributed between 1 and 2 ( U (1 , 2) ). In many practical settings, the recovery factors 
We generate the set Q with 1, 3, 5, and 9 facility sizes elements and set for each instance Q n = Q ∀ n ∈ N c . The cost 449 for the sizes are estimated with the square root safety staffing rule ( Halfin and Whitt, 1981 ) . When the size of a facility is 450 increased by a factor x , the needed safety size C to deal with uncertainty is only increased by a factor √ x . Consequently, we 451 assume that the cost increases by a factor
We estimate that C ≈ 0.21 for a standard location of size 1/3 M and the 452 annual cost of this location is U (0 . 7 , 1 . 6) million euros per year. When the cost of location n of size 1/3 M is determined, 453 we calculate the cost of the other sizes for location n by multiplying the cost with the factors shown in Table 2 . 454 The set with one facility size contains the size 1/3 M, the set with three sizes also includes 1/6 M and 2/3 M, the set We test the computational performance of the MIP, SA, and ISA. When more than 80% (13 or more out of 15) of the 462 instances for a scenario subset can be solved within an hour, we continue to the next scenario subset, where the number 463 of scenarios is doubled. In Table 3 , we denote the last scenario subset for which at least 80% of the instances could be 464 solved within an hour for 10, 25, and 50 candidate facilities for 1 and 9 sizes. The results of the sets with 3 and 5 sizes are 465 automatically captured within this interval. We see in Table 3 that SA improves the MIP and ISA improves it further.
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The difference in number of scenarios for the different sizes that the MIP can solve can be explained by the fact that the 467 number of nodes in the branch and bound tree for the MIP increases with a factor 4.6, 165.0, and 2.4 for the 10, 25, and 468 50 facility sets with 1 and 9 sizes respectively. The average number of iterations varies between 1.9 and 2.1 for the location 469 and size combinations for the SA and ISA algorithm, which is much less than 32,768.
470
In Table 4 we show for each scenario subset with 10, 25, and 50 candidate facilities and 9 sizes, the average solution 7. Case study 477 We test our ISA algorithm on instances from the NS. We use a green field approach, where existing facilities of the NS 478 are kept out of scope. The goal of this section is to obtain managerial insights. In Section 7.1 , we describe the NS instances, 479 followed by our experiments in Section 7.2 . 
Experiments
500
We start with investigating the influence of the number of scenarios on the number of opened facilities, optimal cost, 501 and solution time. We then continue by investigating several important managerial questions. 
Scenarios
503
We start with 10 instances with one scenario, and increase the number of scenarios a fourfold in each next set. In Table 5 504 we show the minimum and maximum number of opened facilities, followed by the average number of opened facilities (with a subset of the scenarios) goes quickly for the computational instances, while it takes a long time to close the gap for 517 the NS instances. From the RMLRP and SMLRP, we know that the computational instances are not easy, as they are more dif-518 ficult than the NS instances in Tönissen et al. (2018) . Consequently, the large difference in solution time is caused by some 519 characteristics specific to the RRMLRP. We note also that most of the scenarios for the case instances are growth scenarios.
520
Growth scenarios are more likely to be important than the randomly generated scenarios in the computational study. We 521 expect further that growth scenarios are more difficult for the RRMLRP, because a choice has to be made between opening 522 more facilities initially or using recovery actions such as upgrading and opening additional facilities. In this section we answer the question, "Does the set of facility sizes influence the number of opened facilities and 533 optimal worst-case cost?" We answer this question by varying the different facility sets of which the results can be found 534 in Table 6 . The set with 5 and 9 sizes have the sizes mentioned in Section 6.1 . As we can see, the more sizes there are, the 535 lower the cost is. However, we also see that the cost increase is limited when we only allow a size of 1/12 M. The solutions Currently, the NS uses three large maintenance facilities of approximately size 1/3 M. In this section we answer the question, "Does increasing the economies of scale in facility size decrease the number of 550 opened facilities and optimal worst-case cost?". We do that by increasing the overcapacity factor C and as a consequence 551 the economies of scale in capacity sizes play a larger role. Table 7 shows the new cost factors compared to the sizes.
552
In 
Unplanned maintenance visits
558
In this section we answer the question, "What influence has the annual unplanned maintenance frequency on the num-559 ber of opened facilities and the optimal worst-case cost?". We vary the annual unplanned maintenance frequency by mul-560 tiplying the current annual unplanned maintenance frequency for each line by a factor. The results are shown in Table 9 .
561
When there is no unplanned maintenance (factor is 0), only an average of 12.4 facilities are necessary and the cost are 562 reduced to 5.5 million. When the unplanned maintenance is increased by a factor 2, the number of facilities increases to an 563 average of 19.5, and the cost increases to 26.3 million. We can conclude from Table 9 that the inclusion of the unplanned 564 maintenance visits is important as it has a large influence on the cost and the number of opened maintenance facilities. An 565 additional managerial insight is that unplanned maintenance has a large influence on the cost and that consequently large 566 investments can be made to reduce unplanned maintenance. 
Rolling stock types
568
In this section we answer the question, "Does decreasing the number of rolling stock types decrease the number of 569 opened facilities and optimal worst-case cost?". Currently, the NS has 5 intercity (IC) and 6 regional (R) rolling stock types.
570
We study what the result would be if the number of rolling stock types would be limited to 3 intercity and 3 regional 571 rolling stock types and just 1 intercity and 1 regional rolling stock type.
572
In Table 10 we see that limiting the number of rolling stock types reduces the optimal worst-case cost with 11.8%. The 573 reason for this is that with less rolling stock types, more interchanges are possible for the planned maintenance visits even 574 in the worst-case scenario. Furthermore, the number of opened maintenance visits decreases with approximately 1 when 575 we limit the rolling stock types to 1 intercity and 1 regional. Consequently, it is beneficial for the NS to limit their number 576 of different rolling stock types. 
Interchange budget
578
In this section we answer the question, "Does increasing the interchange budget decrease the number of opened facilities 579 and optimal worst case cost?". The interchange budget is varied from 0 to 2 M for 10 instances with 513 scenarios. The 580 results can be found in Table 11 . 581 The number of opened facilities is similar and the difference can be explained by the fact that there are multiple op-582 timal solutions. The optimal worst-case cost initially decreases, but then stays the same. The reason for this is that in the 583 worst-case the budget can never be fully utilized due to the fact that there is always a scenario where interchanging is The case study indicates that it is important to include unplanned maintenance as it has a large influence on the cost 597 and the number of maintenance facilities. Furthermore, we demonstrate with our case study that the number and location 598 of the opened facilities depend heavily on the allowed facility sizes and the associated cost. This result can also play an 599 important role for facility location problems in different settings. An unexpected result for the NS is that economies of scale 600 are less important than reducing the transportation cost. As a consequence, cost can be saved by building more but smaller 601 facilities. In addition, unplanned maintenance has a large influence on the number and location of the maintenance facilities.
602
The total cost can be significantly reduced by reducing the annual unplanned maintenance frequency. Furthermore, reducing 603 the number of rolling stock types reduces the cost by approximately 12% and increasing the interchange budget decreases 604 the cost with 22%. 605 An interesting future research direction is to include rolling stock dependent resources. In this paper we assumed that 606 every maintenance facility can maintain each rolling stock type, but in some settings a rolling stock type can only be main-607 tained at a facility when matching resources are installed. Installing matching resources for all rolling stock types at every 608 location may be too expensive from a practical perspective. Furthermore, a mechanic has to work sufficiently many hours 609 on a specific rolling stock type, to be allowed to keep maintaining it. The latter is for example not possible when there are 610 many small maintenance facilities that maintain all rolling stock types. Consequently, including these resources may result 611 in different locations of the facilities and it could affect the number of opened maintenance facilities.
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